Abstract: Due to the fact that soils in Poland are mostly light soils, there is a need to improve their physical, chemical and biological properties. In addition, as a result of the decrease in the number of farm animals, a decrease in production of natural fertilizers can be observed. Low production of natural fertilizers speaks in favor of agricultural use of municipal sewage sludge in Poland. Municipal sewage sludge is composed of large quantities of macronutrients necessary for plants. This waste also contains significant amounts of organic substance. Chemical properties, including a high content of nitrogen, phosphorus, and often calcium, speak in favor of environmental use of municipal sewage sludge. Increasing requirements with respect to environmental protection cause the necessity to assess the effects of using organic waste for fertilization. In a farm located in the commune of Iwanowice (Ma³opolska province), municipal sewage sludge was applied under spring barley cultivation. The soil on which municipal sewage sludge was applied was classified into the category of heavy soils with neutral reaction. When assessing the content of available nutrients (P, K, Mg) in the soil, their low content was determined. After application of municipal sewage sludge in a dose of 24 Mg fresh matter per hectare, which corresponded to 5.34 Mg DM·ha -1 , under spring barley, beneficial changes in chemical properties of the soil were observed. An increase in soil abundance in organic carbon and total nitrogen was observed, as well as an increase in the content of available forms of phosphorus, potassium and magnesium. Based on the results of the conducted chemical analyses, it was established that biomass of spring barley fertilized with sewage sludge contained more macronutrients (N, P, K, Na, Ca and Mg), which improved its feed value. The field experiment showed that application of municipal sewage sludge increased uptake of macronutrients by spring barley.
INTRODUCTION
The dynamic development that has been observed in recent years in the field of technical-sanitary infrastructure, particularly in the sewage system, as well as in sewage treatment technology itself, is the cause of the growing number of sewage treatment plants in Poland (Environment 2015) . Hence, the problem of municipal sewage sludge management is intensifying (Bieñ et al. 2011 , Kelessidis and Stasinakis 2012 , Environment 2015 . In 2014, the amount of municipal sewage sludge generated in Poland amounted to 556 thousand tons of dry matter, and the mass of sludge produced is growing systematically year by year (Environment 2015) . In connection with such a high production of municipal sewage sludge that meets chemical and sanitary criteria, there is a possibility to increase its share in environmental management. Chemical and biological composition of sewage sludge has decisive influence on the way it is used and managed (Act on waste 2012, Regulation 2015, Wieczorek and Fr¹czek 2013) . In 2014, the use of municipal sewage sludge in agriculture in Poland amounted to over 19%, in land reclamation -4%, whereas more than 5.6% (in relation to the total amount of sludge produced) was disposed (Environment 2015) .
In agriculture, the main sources of nutrients for plants include mineral, natural (manure) and organic (compost) fertilizers, as well as mineral-organic wastes allowed to be applied to soils. Municipal sewage sludge is also more and more often used as a potential source of macronutrients (Ahmed et al. 2010 , Wieczorek 2013 . Using sewage sludge in agriculture as an unconventional fertilizer may take place when it does not pose a risk to soil quality, which includes chemical and sanitary pollution (Ahmed et al. 2010 , Petruzzelli et al. 2015 , Regulation 2015 . Municipal sewage sludge has a great variability of its chemical composition. A high content of heavy metals which can deteriorate soil fertility and have an adverse effect on crop yielding may be a considerable problem (SorianoDisla et al. 2014 , Wieczorek 2013 (Wieczorek and Fr¹czek 2013) . In general, such municipal sewage sludge does not contain excessive quantities of heavy metals and is abundant in macronutrients, hence it is recommended to be used in agriculture to fertilize cultivated plants (BaumanKaszubska and Sikorski 2008, Alvarenga et al. 2015) . In this aspect, municipal sewage sludge is a substitute for organic and mineral fertilizers. Due to high abundance in organic matter and nutrients, agricultural use of municipal sewage sludge appears to be substantiated in environmental and economic respects (Flis-Bujak et al. 1986, Fytili and Zabaniotou 2008) .
The aim of the undertaken research was to assess the effect of municipal sewage sludge on soil chemical properties as well as on chemical composition and uptake of macronutrients by spring barley.
MATERIALS AND METHODOLOGY OF THE RESEARCH
Soil and municipal sewage sludge
The research on agricultural use of municipal sewage sludge was carried out under field experiment conditions, on two production fields (1 ha each) located in Iwanowice W³ooeciañskie in the commune of Iwanowice, Ma³opolska province.
Basic chemical properties of the soil and municipal sewage sludge are provided in Table 1 . The soil on which the field experiment was set up was classified into brown soils, and in terms of granulometric composition -into silt loam, and it contained: 13% sand, 53% silt, 34% clay (Systematyka gleb Polski 2011). The soil had a neutral reaction, and the content of available forms of P, K and Mg was very low (Table 1) . Heavy metal content in the soil did not exceed acceptable values at agricultural use of municipal sewage sludge (Regulation 2015) .
Municipal sewage sludge, as organic waste with catalogue number 190805 (Catalogue of waste 2014) came from the sewage treatment plant in the commune of Iwanowice. The sludge was stabilized and hygienized with burnt lime. The sewage sludge was applied once on the surface of the experimental plot, then mixed with the topsoil (0-25 cm). In the municipal sewage sludge used in the experiment, no acceptable levels of microbiological pollution were exceeded (Regulation 2015).
Scheme and conditions of conducting the field experiment
The experimental design comprised two treatments. The control treatment (1) was fertilized only with mineral fertilizers in the amount of 60:50:70 kg NPK. Nitrogen fertilizer was applied in the form of urea (46% N), phosphorus fertilizer -in the form of triple superphosphate (46% P 2 O 5 ), and potassium was applied in the form of potassium chloride (50% K 2 O).
Research treatment 2 was fertilized with municipal sewage sludge, at a dose of 5.34 Mg·ha -1 DM, which corresponded to 24 Mg of fresh matter. The municipal sewage sludge was applied in the autumn and distributed with a manure spreader, and then pre-winter plowing was done. In total, 118 kg·ha -1 nitrogen (N), 19.5 kg·ha -1 phosphorus (P), and 13.5 kg·ha -1 potassium (K) were introduced to the soil with the dose of 5.34 Mg·ha -1 DM. The amount of the sewage sludge dose applied under spring barley corresponded with the nitrogen requirement of this plant. It is assumed that utilization of nitrogen from sewage sludge by cultivated plants amounts to approximately 50% in the first year 
- (Aþýk and Katkat 2010, Gondek 2012) . Hence, utilization of nitrogen from municipal sewage sludge by spring barley was assumed in the field experiment to be at a level of approximately 60 kg⋅ha -1 , which was comparable with a dose of this element in the control treatment (1). Additionally, in treatment 2 (with the sludge), mineral fertilization was supplemented with phosphorus and potassium to the level applied in the control treatment (1).
In the third decade of March, "Rataj" cultivar spring barley was sown at a density of 400 germinating grains per 1 m 2 . Barley harvest took place in the second decade of August.
Methodology of the research
Samples of plant and soil material from 4 representative areas covering 15 m 2 were collected from each production field: control (1) and with municipal sewage sludge (2). Soil samples were collected from a 0-25 cm layer. Once the spring barley samples were collected, the plant material was dried in a forced air circulation dryer at 105 o C, according to the widely adopted methodology of chemical-agricultural analysis. After drying of the plant material samples, the yield of the absolutely dry matter of spring barley grain and straw was determined. The samples were then subjected to dry mineralization in a muffle furnace at 600 o C (Ostrowska et al. 1991) .
The soil material was dried in a forced air circulation dryer at 70 o C. After drying, pH was determined in the soil material, by potentiometric method, in 1 mol·dm -3 KCl, organic carbon content was determined by Tiurin method, total nitrogen content -by Kjeldahl method, the content of available phosphorus and potassium -by Egner-Riehm method, and the content of available magnesium -by Schachtschabel method. The content of macronutrients (Na, K, Mg, Ca, P) was determined after digesting the samples in a mixture of concentrated acids: HNO 3 and HClO 4 , (3:2, v/v).
After mineralization of the plant and soil material, the content of the elements was determined using ICP-AES spectrometer (Jones and Case 1990) .
Determination in each of the studied samples was done in triplicate. The accuracy of the analytical method was verified against certified reference materials and standard solutions: CRM IAEA / V -10 hay (International Atomic Energy Agency), ERM -CD281 -rye grass, BCR-129 -Hay Powder (Institute for Reference Materials and Measurements), CRM 023-050 -heavy metals -sandy clay 7 (RT Corporation).
The laboratory test results were subjected to a statistical analysis using analysis of variance. Significance of differences between means were determined separately for grains and straw, using Tuckey test at a significance level of α ≤ 0.05.
The following parameters were assumed as the basis for determining the uptake of macronutrients by spring barley:
1. Yield (Y); 2. Content of macronutrients in grains and straw (C); 3. Uptake of macronutrients (U) by barley was calculated as a product of dry matter yield (Y) and the content (C) of the element, according to the formula: U = Y⋅C. This paper presents the utilization of macronutrients by spring barley, which is defined as the percentage share of the amount of an element taken up by the plan (U) in the total amount of this element introduced into soil together with municipal sewage sludge. This paper also presents quantitative ratios between the studied nutrients in spring barley biomass. Mass ratios for K:Na, Ca:Mg and Ca:P, as well as equivalent ratios for K:(Ca+Mg), K:Mg and K:Ca were calculated.
RESULTS AND DISCUSSION
Basic soil properties and their changes after application of sewage sludge Application of municipal sewage sludge under spring barley at a dose of 5.34 Mg·ha -1 DM per hectare caused an increase in the content of organic carbon, total nitrogen and available phosphorus, potassium and magnesium (Table 2 ). The increase in the content of macroelements in the soil under the influence of sewage sludge was not statistically significant, but improved soil fertility, which was manifested in the growth of yields of barley cultivated in the experiment and has been confirmed by other authors (Flis-Bujak et al. 1986 , Fisher et al. 2011 . The field experiment showed that application of municipal sewage sludge did not have a significant effect on the decrease in soil pH (Table 2) . Other authors have shown in their studies that application of municipal sewage sludge for fertilization caused an increase in soil acidity, which results from mineralization of organic matter (Moreno et al. 2003 , Shaheen et al. 2014 . Authors also confirm that application of municipal sewage sludge to soil has a positive effect on the increase in the content of organic carbon, total nitrogen and available forms of macroelements. Studies conducted by Gondek (2012) , Wieczorek (2013) , Ko³odziej et al. (2016) confirmed the positive effect of municipal sewage sludge on the improvement of soil chemical properties and biological activity.
Spring barley yield
The conducted research shows that municipal sewage sludge had a significant effect on the increase in spring barley yield.
Grain and straw yield from the control treatment amounted to 4.20 and 3.10 Mg·ha -1 DM, respectively, whereas grain and straw yield obtained from the treatment fertilized with sewage sludge amounted to 4.80 and 3.50 Mg·ha -1 DM, respectively. The conducted research shows that application of municipal sewage sludge for fertilization increased the grain and straw yield by 14.2 and 12.9%, respectively, in relation to the control treatment. In their research, Gondek (2012) and Wieczorek (2013) also confirmed the effect of municipal sewage sludge on the increase in yield of cereals.
The primary factor that influenced spring barley yielding was nitrogen coming from the municipal sewage sludge applied. The applied dose of municipal sewage sludge (5.34 Mg·ha -1 DM) met the nutrient requirements, taking into account the use of nitrogen by spring barley. Along with the applied dose (5.34 Mg·ha -1 of sewage sludge DM), more than 118 kg N·ha -1 was introduced. Based on literature, it is assumed that the use of nitrogen from municipal sewage sludge by spring barley amounted to approximately 50%, which constituted 60 kg N⋅ha -1 (Gondek 2012) . In addition to nitrogen use, the sewage sludge improved soil chemical properties, and thereby had an intermediate effect on the increase in spring barley yield compared with the control treatment in which only mineral fertilizers were used.
Content of macroelements in spring barley
Chemical composition of plants depends on environmental factors (temperature, solar radiation, amount of precipitation, soil conditions), on the level of mineral, natural (manure, slurry) and organic fertilization (Pisulewska et al. 2009 , Ahmed et al. 2010 . The content of macronutrients and micronutrients is determined by the analyzed part of plant (Casado-Vela 2006 , Jasiewicz et al. 2006 . The content of the studied macroelements in spring barley depended on treatment and on the part of the plant (Table 3) . Application of municipal sewage sludge to soil caused an increase in the content of macronutrients in barley yield. In the conducted research, differences in nutrient concentrations in individual parts of spring barley were also observed. Spring barley grains were found to have a higher content of N, P and Mg, whereas straw had a higher content of K, Na and Ca (Table 3) . Research conducted by Pisulewska et al. (2009) showed similarly that more N, P and Mg is accumulated in grains of cereals than in straw.
Depending on chemical composition, spring barley grain is used for consumption or feed. Over 75% of spring barley cultivated in Poland is used for feed purposes (Statistical Yearbook of Agriculture 2015). It is assumed that feed of optimum quality should contain approximately 15-30 g N, 3 g P, 17-20 g K, 7 g Ca, 3 g Mg, and 1.5-2.5 g Na·kg -1 DM (Czuba and Mazur 1988, Falkowski et al. 2000) . When estimating the feed suitability of collected spring barley grain, it needs to be stated that phosphorus content in the grain was within the optimal value range, whereas the content of Ca, K, Mg and Na was lower than the optimal value.
The optimal content of K was observed in straw of spring barley grown on the treatment with sewage sludge. However, mineral fertilization, not the applied municipal sewage sludge, was the determinative factor that influenced the content of this nutrient in straw. When investigating the content of Ca in straw, it was observed that application of municipal sewage sludge in fertilization had a significant effect on the increase in its content. Ca content in this part of the plant was within optimal value range. Casado-Vela et al. (2006) and Singh and Agrawal (2008) confirm that municipal sewage sludge used for fertilizing purposes is a valuable source of nutrients for cultivated plants.
The uptake of macronutrients by spring barley Cereal plants are characterized by high nutrient requirements, therefore the uptake of macronutrients by these plants is generally high (Mackowiak et al. 2011) . Depending on the fertilization treatment, the uptake of macronutrients by spring barley was varied (Table 3) . A significantly positive effect of municipal sewage sludge on the uptake of these elements was observed in the conducted research. From the field fertilized with sludge, more N, P, Mg and Na was taken up along with barley grain, whereas along with barley straw -more K and Ca (Table 3) . Spring barley (grain and straw), fertilized with sewage sludge, took up the most K (87.4 kg·ha -1 ), followed by N (50.5 kg·ha -1 ), P (28.2 kg·ha -1 ), Ca (27.0 kg·ha -1 ), Mg (13.1 kg·ha -1 ), and the least Na (12.7 kg·ha -1 ). The increase in the amount of macronutrients taken up by barley was determined by mineral and organic fertilization as well as by the content of nutrients in the soil. Singh and Agrawal (2008) as well as Gondek (2012) and Wieczorek (2013) also showed a significant effect of fertilization with municipal sewage sludge on the increase in the uptake of macroelements by cereals.
The use of macronutrients by spring barley
The presented nutrient utilization is the percentage share of element uptake by barley in relation to the amount of elements introduced to soil along with municipal sewage sludge. Utilization of these nutrients by spring barley depended on their amount introduced along with the sewage sludge dose. 118.9 kg N, 19.5 kg P, 13.6 kg K, 5.9 kg Na, 526.6 kg Ca, 25.7 kg⋅ha -1 were introduced to the soil with the dose of 5.34 Mg·ha -1 DM of municipal sewage sludge. Utilization of N, Mg and Ca from municipal sewage sludge by spring barley was at a level of 43, 50 and 5% of the amount introduced with the waste, whereas utilization of P, K and Na by spring barley was significantly higher than the amounts introduced with sewage sludge. The municipal sewage sludge applied at a dose of 5.34 Mg·ha -1 DM) did not cover the total uptake of P, K, Na by spring barley. Therefore, when municipal sewage sludge was used in cereal cultivation, macronutrients were supplemented with mineral fertilizers (Gondek 2012 , Pisulewska et al. 2012 , Ko³odziej et al. 2015 .
Ratios between elements in spring barley
Interrelationships between elements in plants constitute an important qualitative aspect in terms of using them for feed purposes (Mackowiak et al. 2011 , Witkowicz et al. 2015 . This paper presents the ratios between elements present in the harvested biomass of spring barley (Table 4 ). In the experiment, a small range of variability of these ratios between macronutrients in grain and straw of the tested plant was observed. It was established that the analyzed ratios between elements were much greater in straw than in grain. Thus, it must be stated that spring barley grain, The conducted research shows that the applied municipal sewage sludge had an effect on the value of ratios between the determined elements. Application of municipal sewage sludge in spring barley cultivation resulted in a reduction of the value of K:Na, K:(Ca+Mg), K:Mg ratios in spring barley grain. Sewage sludge increased the values of Ca:Mg, Ca and K:Ca ratios in spring barley grain compared with grain obtained from the control treatments. Application of municipal sewage sludge resulted in a reduction of the value of K:Na, Ca:Mg, Ca:P, K+(Ca+Mg), K:Mg, K:Ca ratios in spring barley straw.
The obtained biomass of spring barley was evaluated based on criteria of the feed nutrient value, according to which the optimal ratios of K:Na, K:(Ca+Mg), K:Mg, K:Ca, Ca:Mg and Ca:P should amount to 10:1; 1.62-2.2:1; 6:1, 2:1, 2-3:1 and 2:1, respectively (Puls 1994 , Mackowiak et al. 2011 , Poutanen et al. 2014 . While evaluating spring barley grain, it was established that the analyzed values of ratios between elements were below the optimal value. Different ratios were observed in spring barley straw. Values of K:Na and K:Ca ratios in this part of the plant were within optimal range. The following values of Ca:Mg, Ca, K:Mg ratios in spring barley straw were above the optimal value, whereas value of K:(Ca+Mg) ratio in spring barley straw was below the optimal value. Other authors' studies (Gondek 2012 , Poutanen et al. 2014 ) have confirmed the effect of municipal sewage sludge on the values of the ratios between macronutrients in cereal grain. CONCLUSIONS 1. Municipal sewage sludge enriched the soil in organic substance, total nitrogen, and in available forms of phosphorus, potassium and magnesium. 2. Application of municipal sewage sludge at a dose of 5.34 Mg·ha -1 DM, which corresponded to 24 Mg of fresh matter per hectare, increased the biomass yield of spring barley by 13-14% in relation to the treatment fertilized only with mineral fertilizers. 3. Fertilization with sewage sludge stimulated the uptake and accumulation of macronutrients in grain and straw of spring barley compared with the treatment fertilized only with mineral fertilizers. 4. Municipal sewage sludge had a significant effect on the higher uptake of macronutrients by spring barley compared with the treatment fertilized only with mineral fertilizers. 5. Utilization of N, Mg and Ca from municipal sewage sludge by spring barley was at a level of 43, 50
and 5% of the amount introduced with the organic waste. 6. Ratios between elements differed depending on the index part of the plant. Ratios between elements in spring barley straw were within the optimal limit, that is why straw is recommended to be used for feed purposes.
